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Oxygen Metabolism Causes Chromosome Breaks
and Is Associated with the Neuronal Apoptosis
Observed in DNA Double-Strand Break Repair Mutants
play in the formation of DNA double-strand breaks
(DSBs). DSBs are primarily repaired by either the nonho-
mologous DNA end joining pathway (NHEJ), which di-
rectly ligates the free DNA ends together, resulting in
error-prone repair, or by homologous recombination,
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3 Department of Biochemistry which utilizes a homologous DNA partner as a template
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5 Department of Biology throughout G0, G1, and early S phases of the cell cycle
[11] and includes several proteins, such as the 469 kDa6 Beckman Macular Research Center
Norris Comprehensive Cancer Center DNA-dependent protein kinase, the Ku70-86 hetero-
dimer, and the DNA ligase IV-XRCC4 complex [10].Keck School of Medicine
University of Southern California We and others showed that the primary cells from Ku-
or DNA ligase IV (Lig4)-deficient mice have a markedLos Angeles, California 90089-9176
increase in chromosome breaks [1–3]. Intriguingly, the
source of the spontaneous chromosome breaks in the
NHEJ-deficient primary cells has been unclear up to thisSummary
point. One potential cause of DNA damage that could
lead to chromosome breaks is endogenous free radicalsCells deficient in a major DNA double-strand break
[6, 10, 12]. Therefore, in this study, we investigatedrepair pathway (nonhomologous DNA end joining
whether the formation of these spontaneous chromo-[NHEJ]) have increased spontaneous chromosome
some breaks were dependent on oxygen metabolism.breaks [1–3]; however, the source of these chromo-
some breaks has remained undefined. Here, we show
that the observed spontaneous chromosome breaks
Oxygen Tension Modulates the Chromosomeare partially suppressed by reducing the cellular oxy-
Instability in NHEJ-Deficient Cellsgen tension. Conversely, elevating the level of reactive
Physiological cellular oxygen tensions average23 mmoxygen species by overexpressing the antioxidant en-
Hg (corresponding to3%) [13]. Cells grown in standardzyme superoxide dismutase 1 (SOD1), in a transgenic
tissue culture systems, however, are exposed to moremouse, increases chromosome breakage. The effect
than six times that value (20%, 149 mm Hg). Hence,of SOD1 can also be modulated by cellular oxygen
standard tissue culture conditions expose cells to artifi-tension. The elevated chromosome breakage corre-
cially high levels of oxygen. We investigated whetherlates histologically with a significant increase in the
the spontaneous chromosome breaks that we observedamount of neuronal cell death in Ku86/ SOD1 trans-
at 20% oxygen would persist at the physiological oxy-genic embryos over that seen in Ku86/ embryos.
gen levels of 3%. We grew primary fibroblasts in a gas-Therefore, oxygen metabolism is a major source of the
eous mixture of 3% O2/5% CO2/92% N2. The cells grewgenomic instability observed in NHEJ-deficient cells
normally and at the same rate as the cells grown at 20%and, presumably, in all cells.
oxygen (data not shown). We examined chromosomes
from wild-type, Ku86/, and Ku86/ primary fibroblasts
Results and Discussion that were grown at either 20% or 3% oxygen. We ob-
served a small decrease in the frequency of chromo-
Reactive oxygen species are generated as a normal some breaks for Ku86/ primary fibroblasts and an even
part of oxidative metabolism in eukaryotic cells [4]. The more significant decrease for Ku86/ fibroblasts that
univalent and bivalent reduction of oxygen results in the had been cultured at 3% oxygen (Figure 1, p  0.05).
production of superoxide anion radical and hydrogen Similar results were obtained for Lig4/ fibroblasts cul-
peroxide, respectively, as physiological metabolites [5]. tured at the high and low oxygen tensions (32% versus
In the presence of heavy metal ions like iron (II), hydro- 18%, respectively). However, in wild-type fibroblasts,
gen peroxide is further reduced into hydroxyl radical by the 9% value of chromosome breakage that we ob-
the Fenton reaction. These reactive oxygen species can served at 20% oxygen did not decrease when the cells
cause damage to all macromolecules, including DNA. were grown at 3% oxygen. The 9% breakage level may
Therefore, eukaryotic cells have evolved enzymatic de- be due to the remaining 3% oxygen that would normally
fenses to reduce endogenous free radicals. Superoxide persist under physiological cellular conditions, or it may
dismutase, glutathione peroxidase, and catalase are all represent breakage due to other causes, such as topo-
enzymes that dissipate reactive oxygen species. isomerases or DNA replication fork errors. Therefore, as
Single-strand oxidative DNA damage, including spe- oxygen tension is lowered, chromosomal instability is
cies such as 8-oxo-2-hydroxyguanine, has been docu- reduced; hence, a fraction of the breaks observed in
mented for many years [6–8]. However, much remains NHEJ-deficient cells are due to oxygen metabolism. It
to be learned concerning the role that free radicals might is important to note that the chromosome breaks that we
and others have observed in cells from NHEJ-deficient
mice occur in the absence of any applied irradiation or7 Correspondence: lieber@usc.edu
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Figure 1. Chromosome Breaks Are Reduced When Oxygen Tension
Is Lowered
Primary fibroblasts were grown as explant cultures from adult
mouse tail for 7.5 days at 3% or 20% oxygen, trypsinized, and
replated onto sterile coverslips for an additional 3.5 days at either
3% (hatched bars) or 20% (open bars) oxygen, respectively. Meta-
phase spreads from passage 1 primary fibroblasts were prepared,
stained, and scored as previously reported [1]. Numbers are re-
ported as the percentage of metaphase spreads that carry at least
one chromosome break for each respective genotype. Error bars
are the standard deviations calculated from independent cultures.
Figure 2. Increased Chromosome Breaks Are Observed in SOD1chemical challenge. Our observations therefore provide
Primary Fibroblasts
an explanation for a significant fraction of the “spontane-
(A) Primary adult fibroblasts or MEFs were cultured at 20% oxygen
ous” source of DSBs. for 7.5 days and were trypsinized prior to plating onto sterile cov-
erslips. The passage 1 fibroblasts were allowed to grow for an addi-
tional 3.5 days at 20% oxygen, and metaphase spreads were pre-Overexpressing SOD1 Elevates
pared, stained, and scored [1]. MEF cells were used only for theChromosome Breakage
analysis of the Ku86/ SOD1 genotype. For all other genotypes,In contrast to its role as an antioxidant, overexpressing MEFs and adult fibroblasts (shown) were comparable with respect
the human SOD1 transgene (designated in the geno- to chromosome break frequencies (data not shown). Numbers are
types below as SOD1) in mice has been shown to in- reported as the percentage of metaphase spreads that carry at least
one chromosome break for each respective genotype. Error barscrease hydroxyl radical formation and to elevate steady-
are the standard deviations calculated from independent cultures.state hydrogen peroxide levels [14, 15]. SOD1 has also
(B) Primary fibroblasts of the indicated genotypes were cultured atbeen shown to catalyze the formation of hydroxyl radical
either 3% (hatched bars) or 20% (open bars) oxygen tension for 7.5from hydrogen peroxide [16, 17]. SOD1 overexpression days, followed by trypsinization, plating onto sterile coverslips at
in Atm-deficient mice (a model for ataxia telangiectasia) either 3% or 20% oxygen tension, respectively, for an additional 3.5
leads to an increase in radiation sensitivity compared days. The methods and data representation are as reported for
Figure 1.to Atm-deficient mice without the SOD1 transgene [18].
Additionally, overexpression of Fe-SOD in E. coli leads
to ionizing radiation sensitivity and decreased growth
under hyperoxic conditions [19, 20]. (Figure S1 in the Supplementary Material available with
this article online). However, when SOD1 was overex-Therefore, we asked whether overexpressing SOD1
would be sufficient to cause chromosome instability. To pressed in Ku86/ fibroblasts, we did not observe a
statistically significant increase in the fraction of cellsaddress this, we examined metaphase chromosomes
from SOD1-overexpressing primary fibroblasts. Inter- with chromosome breaks. We previously reported that
eliminating cell cycle checkpoints in the Ku86/ p53/estingly, in fibroblasts from mice that overexpressed the
SOD1 transgene, we observed a significant increase in fibroblasts results in an elevation of chromosome breaks
compared to Ku86/ p53/ fibroblasts [1]. This resultthe percentage of cells with chromosome breaks, from
9% up to 23% (Figure 2A, p  0.0002). A substantial suggested that intact checkpoints limit the observed
percentage of cells with breaks. A similar phenomenonincrease was also observed in Ku86/ fibroblasts that
overexpressed the SOD1 transgene versus those that may exist in the Ku86/ SOD1 fibroblasts, which con-
ceivably could suffer increased levels of chromosomedid not (Figure 2A, 20% versus 31%). The types of chro-
mosome lesions observed here are comparable to those breakage (and hence a greater proportion of arrested
cells) compared to Ku86/ fibroblasts. Alternatively, itwe reported previously [1] for Ku86/ and Ku86/ cells
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may represent a phenomenon recently described for sections from E14.5 embryos was performed. Elevated
numbers of TUNEL-positive nuclei in Ku86-deficient ver-DT40 chicken pre-B cells where homologous recombi-
nation-mediated repair was able to compensate for a sus wild-type brain sections were observed (Figures 3E
and 3F). In agreement with the H&E-stained sections,defect in NHEJ in the absence of Ku [21]. We favor the
former explanation involving an upper limit threshold there were marked numbers of apoptotic, TUNEL-posi-
tive nuclei present in the brains of Ku86/ SOD1 em-that is dependent on checkpoints. Overall, the data dem-
onstrated that overexpressing SOD1 can cause an in- bryos (Figure 3G). Overall, there were three times as
many apoptotic, TUNEL-positive nuclei per mm2 in thecrease in cellular chromosome instability.
As in the NHEJ-deficient cells, the chromosome Ku86/ SOD1 brain sections when compared to Ku86/
sections (Figure 3H; p  0.0001). The pyknotic nucleibreaks arising as a consequence of SOD1 overexpres-
sion were reduced when the oxygen tension was low- and TUNEL-positive cells were observed mainly in the
intermediate zone (IZ)—the zone containing neuronsered (Figure 2B; Ku86/ SOD1, p 0.05; Ku86/ SOD1,
p  0.05; Ku86/ SOD1, p  0.0125). This provides that have recently become postmitotic. In addition to
NHEJ, all cells of multicellular eukaryotes have homolo-evidence that the chromosome breaks arising as a con-
sequence of SOD1 overexpression are significantly de- gous recombination that appears to function predomi-
nantly during late S and G2 of the cell cycle [11]. Inpendent on oxygen tension.
rapidly dividing mitotic cells, a substantial fraction of
DSBs due to any cause are likely to be repaired by
Neuronal Cell Death Is Elevated in the Developing homologous recombination. As cells become postmi-
Cortex of Ku86/ SOD1 Embryos totic, they may be suddenly reliant exclusively on NHEJ,
Lig4- and XRCC4-deficient mice die late in embryogene- accounting for this increased cell death in this postmi-
sis and show neuronal apoptosis [22, 23]. In addition to totic population of NHEJ-deficient cells.
neuron loss in the central nervous system and enteric Overexpression of SOD1 was not sufficient to cause
neural plexus [24, 25], the inability of Ku-deficient mice cell death in the corresponding neuronal populations in
to repair DSBs leads to features of accelerated senes- the presence of normal DSB repair (e.g., there was no
cence, including atrophic skin and osteoporosis [26]. increase in cell death in the Ku86/ SOD1 genotype
Ku86-deficient cells also show a replicative senescence versus wild-type). However, in the absence of Ku86,
[27] that has recently been shown to be p53 dependent overexpression of SOD1 leads to marked neuronal cell
[28]. We first suggested that the severe phenotypes of death. We also observed a much less marked but con-
NHEJ-deficient mice might be attributable to the chro- sistent increase in apoptosis in nonneural tissues from
mosome instability observed in their cells [1]. We were Ku86/ SOD1 embryos (data not shown). We can only
interested in the effect of increasing the levels of reactive speculate why the cell death is more dramatic in neurons
oxygen species in embryos deficient for DSB repair. than other cell types. As in the case of the pre-B cells that
NHEJ-deficient animals are ideal for testing the effect we described previously [1], neurons may be sensitive to
of reactive oxygen species on the formation of chromo- chromosome breaks because these cells are more
some breaks, because the breaks generated in these prone to apoptosis [29], though we cannot rule out that
animals cannot be efficiently repaired. Therefore, we neuronal populations have an intrinsically higher rate
intercrossed Ku86/ SOD1 mice to obtain Ku86-defi- of oxidative metabolism. Regardless of the differences
cient embryos that carried the SOD1 transgene. between cell types in vivo, we conclude that SOD1 over-
Since mice deficient for other NHEJ components expression causes an increase in DSBs that cannot be
—Lig4 or XRCC4— are embryonic lethal due to apopto- repaired in a Ku86/ background. This increase in chro-
sis in postmitotic neurons [22, 23], we asked whether mosome instability may provide an explanation for the
there was increased cell death in developing neuronal observed increase in cell death, particularly in postmi-
populations of Ku86/ SOD1 embryos. Hematoxylin and totic neuronal populations.
Eosin (H&E)-stained whole embryo sections from E14.5
embryos were examined for nuclear pyknosis—a histo-
logical marker for cell death. Brain sections from wild- Relationships between Oxidative Metabolism
and Chromosome Breaks In Vivotype, Ku86/, Ku86/ SOD1, and Ku86/ SOD1 em-
bryos were indistinguishable and showed very little We have demonstrated that SOD1 overexpression leads
to genomic instability, the severity of which is dependentpyknosis (Figure 3A; 8  3 pyknotic nuclei/mm2 ). As
previously reported for Ku-deficient embryos [24], on oxygen tension. This provides evidence that reactive
oxygen species can cause genomic instability in primaryKu86/ brain sections demonstrated intermediate
amounts of pyknosis (Figure 3B; 363  79 pyknotic nu- cells in culture and within the organism. These results
suggest that DSBs arising from reactive oxygen speciesclei/mm2 ). However, in the periventricular cortex of
Ku86/ SOD1 embryos, a marked increase in pyknotic are likely to play a role in cell death, particularly in the
neurodegeneration characteristic of Ku, Lig4, and XRCC4nuclei was observed (Figure 3C; 743  94 pyknotic nu-
clei/mm2 ), indicating an overall increase in cell death mammalian mutants [22–25]. Because oxygen is essen-
tial for aerobic metabolism, some level of genomic insta-specific to this genotype relative to that of Ku86/ (p 
0.0001). Additionally, propidium iodide staining of a bility is unavoidable, both in the animal and in cultured
primary cells. When we decreased the oxygen tensionKu86/ SOD1 brain section revealed many densely
staining, pyknotic nuclei (Figure 3D). to 3%, a substantial level of chromosome breakage re-
mained. This residual level of chromosome breakageTo test whether the cell death observed was apo-
ptotic, TUNEL staining on paraffin-embedded tissue is likely due to reactive oxygen species that are still
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Figure 3. Apoptosis Is Increased in E14.5 Ku86/ SOD1 Brain Sections
Hematoxylin and Eosin (H&E) staining of brain sagittal sections from (A) wild-type, (B) Ku86/, and (C) Ku86/ SOD1 E14.5 embryos revealed
an increase in the number of densely stained, pyknotic nuclei as both isolated and clustered cells in the Ku86/ SOD1 sections. A propidium
iodide-stained Ku86/ SOD1 section (D) also revealed many densely stained nuclei that represent pyknotic nuclei observed in the H&E
sections. Cell death was determined to be apoptotic by TUNEL staining in wild-type (E), Ku86/ (F), and Ku86/SOD1 (G) E14.5 brain sections.
TUNEL-positive apoptotic nuclei appear yellow-green under fluorescent microscopy, and all nonapoptotic nuclei appear red due to propidium
iodide counterstaining. Many more TUNEL-positive nuclei are present in the Ku86/ SOD1 genotype compared to the other genotypes. Each
inset is a higher magnification of the boxed area to highlight the pyknotic nuclei. Sections from Ku86/ SOD1, Ku86/, and Ku86/ SOD1
were comparable to wild-type sections with respect to nuclear pyknosis and therefore have been omitted from the figure. Scale bars represent
60 m (A–C), 50 m (D), and 20 m (E–G). CP, cortical plate; IZ, intermediate zone; VZ, ventricular zone; V, lateral ventricle; ChP, choroid
plexus. (H) Histogram depicting the average number of TUNEL-positive cells per mm2 for each corresponding genotype. Pyknosis in Ku86/
SOD1 embryo sections at E12.5 was very similar to that at E14.5 (data not shown).
generated at physiologic oxygen tensions. This provides spontaneous DSBs due to reactive oxygen species pro-
duced within a cell can be substantial. In the absenceevidence that substantial levels of spontaneous chro-
mosome breakage can occur even at physiological oxy- of NHEJ, spontaneous reactive oxygen species result in
chromosome breaks that remain unrepaired, potentiallygen tensions. These results have additional implications
for the disparity in phenotype between Ku and Lig4 leading to the accelerated-aging phenotype observed in
Ku86-deficient mice (Figure 4) [26]. Finally, in an extremeknockout animals. During embryonic development, the
oxidative stress within the two mouse knockout models case, when reactive oxygen species are increased by
overexpressing SOD1 in Ku86/ animals, there is anis presumably the same, yet the phenotype of Lig4 defi-
ciency is more severe than that of Ku deficiency. Though increase in neurodegeneration in a manner that is com-
parable to Lig4- and XRCC4-deficient animals, for whichour results provide insight on the causes of the chromo-
some breaks, the differences in severity of neuronal loss the impairment in DSB repair is thought to be more
severe [22, 23]. Our results establish a general relation-in Ku- and Lig4-deficient mice may have its basis in the
fact that Ku can interfere with homologous recombina- ship between oxygen metabolism and chromosome
breaks that is likely to extend to the organismal leveltion [21]. Alternatively, DNA ligase IV may simply be
more essential because of its requisite enzymatic role. and could account for the pathology observed in NHEJ-
deficient animals, such as neurodegeneration and fea-
tures of premature aging [22–26].Conclusions
The source of the spontaneous chromosome breaks
Experimental Procedurespreviously observed in the NHEJ-deficient primary cells
has been unclear. One potential cause of DNA damage
Mice
that could lead to chromosome breaks is endogenous Ku86/ (C57Bl6/129Sv) and SOD1 (C57Bl6/SJL) transgenic mice
free radicals [6, 10, 12]. Based on the data presented were crossed to obtain Ku86/ SOD1 mice [30]. The Ku86/ SOD1
mice were intercrossed multiple generations to obtain Ku86/ SOD1here, we conclude that the genomic instability that we
embryos. The SOD1 transgenic mice carry the 14.5 kb humanand others observed in NHEJ-deficient cells is substan-
SOD1 transgene under the control of the endogenous human promotertially due to oxygen metabolism. Increasing reactive ox-
[31] and were obtained from The Jackson Laboratory (Bar Harbor,ygen species by overexpressing SOD1 also leads to
ME). PCR genotyping for the Ku86 wild-type and knockout alleles
genomic instability. Moreover, in the absence of Ku86, and for the human SOD1 transgene was performed as previously
SOD1 overexpression leads to an increase in neurode- described. All mice were maintained in a pathogen-free envi-
ronment.generation. These data document that the number of
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Primary Fibroblast Cultures species as a cause of these chromosome breaks, G banding of the
mouse chromosomes revealed that the chromosome breakage wasPrimary tail fibroblasts were grown as explant cultures from a freshly
obtained 2–3 mm piece of mouse tail. After rinsing with plain media random (data not shown).
The percentage of cells displaying chromosome breakage in thesupplemented with antibiotics, the tail biopsy was minced into fine
pieces in a 35 mm tissue culture dish using a sterile scalpel blade. wild-type SJL/J, 129Sv, C57Bl/6J, C57Bl6/129Sv, and C57Bl6/SJL
primary fibroblasts was comparable, and all values obtained wereThe cultures were grown in RPMI 1640 media (Irvine Scientific, Santa
Ana, CA) supplemented with 10% FBS (Gibco BRL, Gaithersburg, within the limits of error (9%  2%).
MD), 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml strep-
tomycin sulfate (Irvine Scientific). The explant cultures were allowed Histological Analyses and TUNEL Staining
to grow for a period of 7.5 days, trypsinized, and seeded onto sterile For histological analyses, E14.5 embryos were immediately fixed in
coverslips. The cells were grown for an additional 3.0–3.5 days prior either 10% neutral buffered formalin or 4% paraformaldehyde in
to the preparation of metaphase spreads as described previously. PBS, embedded in paraffin, sectioned at 4 m, and stained with
Cultures were grown under humidified conditions at either 20% hematoxylin and eosin using standard protocols.
or 3% oxygen. Passage 1 primary tail fibroblasts were used in all TUNEL staining was performed on 4% paraformaldehyde-fixed,
experiments. paraffin-embedded sections using the In Situ Cell Death Detection
Mouse embryonic fibroblasts (MEFs) were isolated from embryos Kit (Roche Molecular Biochemicals, Indianapolis, IN). Nuclei were
13.5 days after plug formation (E0.5) and were cultured using stan- counterstained with 500 ng/ml propidium iodide prepared in mount-
dard protocols [32]. Passage 1 MEFs were used in all analyses. ing media containing antifade solution [90% glycerol, 2.3% (w/v)
DABCO]. Digital fluorescent images were obtained using a Zeiss
Preparation and Scoring of Metaphase Chromosomes Axiovert 100 M confocal microscope (Doheney Eye Institute, Univer-
Metaphase chromosomes were prepared as previously described sity of Southern California).
[33]. Briefly, primary fibroblast cultures were treated with 0.1 g/ Counting of pyknotic cells was performed on H&E-stained sec-
ml colcemid (Irvine Scientific) for 2–3 hr at 37C. Thereafter, the tions separated by at least one serial section to exclude the possibil-
fibroblasts were treated with warm 37.5 mM KCl and were fixed in ity of overcounting nuclei. Counting of pyknotic cells and TUNEL-
a freshly prepared solution of 3:1 methanol:acetic acid. After briefly positive cells in the histological sections was completed blind by
air drying the coverslips, the metaphase chromosomes were independent observers.
Wright’s stained. Chromosomal aberrations were scored and classi-
fied using criteria that we previously described [1]. A minimum of Statistical Analyses
100 metaphases were scored for each reported value. All statistical analyses were completed using the InStat 2.03 soft-
The spontaneous chromosome breaks that we observed were ware package (San Diego, CA). Two-tailed p values were computed
specific to DSB repair-deficient cells. For instance, mouse embry- using an unpaired t test for comparisons between the means of two
onic stem cells deficient in Rad54 are 5- to 10-fold less efficient for groups.
homologous recombination [34], and we observed that 18.9% of
primary fibroblasts from these animals also showed spontaneous
Supplementary Materialchromosomal aberrations. In contrast, single-strand mismatch re-
Supplementary Material including a figure showing normal acrocen-pair-deficient Pms2/ and Pms2/ fibroblasts did not show ele-
tric murine metaphase chromosomes and chromosome breaks isvated chromosome break frequencies above strain-matched wild-
available with this article online at http://images.cellpress.com/type controls (data not shown). Consistent with reactive oxygen
supmat/supmatin.htm.
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